profitable to the nation. This is just the tip of the iceberg. Although computing-led disruptive innovations tend to dominate the spotlight, computing and data are now integral to nearly every industry. As a result, computing-driven disruptive innovation is taking place across a wide swath of the economy. For example, innovations in the health and medical industries rely heavily on advances in computing power. Agriculture is increasingly automated and there is a tremendous growth in data analytics to improve efficiency, eliminate contamination, and reduce waste -all the way from the farm to the table. In the automotive industry new car models increasingly compete with each other based on the safety, luxury, and automation features enabled by advanced on-board and cloud computing technologies. Service companies, finance companies, retailers, and trading companies increasingly rely on advanced analytics, driven by new sources of data, to improve their operations and compete in the global marketplace.
The central position of computing across these industries is precipitating fundamental changes in academic computing research. For one, interdisciplinary research is on the rise. Disciplines such as bio-medical informatics, computational biology, econometrics, robotics, and cyberphysical systems are gaining momentum and showing breakthrough progress. A second change is the richness and complexity of platforms and the concomitant investment in infrastructure that are necessary for computing research. For example, research involving connected or autonomous cars, smart buildings and cities, cloud computing, the Internet, and manufacturing robotics all require complex, expensive, resource-hungry infrastructure to enable research.
Similarly, the recent focus on artificial intelligence and deep learning requires access to a large set of data-and computationintensive compute nodes to train advanced systems. The third-and perhaps most important-change in academic computing research is the perception that the time scale of research is shortening. An increasing amount of research is done with an application in mind. Fundamental or theoretical results are increasingly expected to be complemented by software development, empirical demonstration and statistical validation. At the same time, many universities are encouraging faculty and students to engage in entrepreneurial activities as a way to monetize the intellectual property (IP) that now vests with the University as a 
Amidst this landscape, the Computing Community
Consortium convened a round-table of industry and academic participants to better understand the landscape of industry-academic interaction, and to discuss possible actions that might be taken to enhance those interactions. This discussion was preceded by a survey sent to academics and industry representatives.
This survey was designed to provide some current information about the perceptions of the value of academic/industry interaction as well as trends and barriers. This survey is attached as an appendix to this report and is referred to throughout.
The discussions during the round-table, and the data from the survey led to a set of themes that we explore within this report: 1) Is the relationship between industry and academia changing? If so, what drives that change, and how should we respond? Are there long-term risks to these trends?
2) What are current collaboration practices, and how are they evolving?
3) What types of "best practices" could enhance the pace and value of academic research and to accelerate idea and technology transfer? What are the potential barriers?
We close with some recommendations for actions that could expand the lively conversation we experienced at the round-table to a national scale.
The Industry/Academic Landscape
At a high level, the discussions of the current state of the academic/industry ecosystem during the round-table revolved around three "flows" that impact industry/ academic interaction: 1) ideas and know-how, 2) people, and 3) resources. Ultimately, new ideas and know-how are what drives innovation, when harnessed to an appropriate commercial opportunity. However, often new ideas can only come into being when the right people and resources come together. Furthermore, much of our fundamental understanding and training occurs in an academic environment, suggesting that a balance between academic and industry people and resources is paramount to keep the innovation system in homeostasis and to support the generation of new ideas and know how.
People
Over the last three years, two new PhDs are going into some type of industry position for every new PhD that goes to academia (Figure 1 ). Of those two industry positions, roughly one will go into a research position, and the other into some other (most likely developmentoriented) position (Figure 2 ). Looking at the trend data, it is worth noting that this ratio is not as much reflective of a change in the number of students going into industry, but rather a general downward trend of students going into academia. Anecdotally, there is a perception among students that working in industry provides the opportunity to have large and immediate impact, larger financial rewards, and to have a "less complicated" existence vis-à-vis academia.
Another recent trend has been a tendency for industry to target academic faculty and, in some cases, entire research groups, to drive specific initiatives. In most cases, this is a reflection of a traditionally academic area of research reaching a level of maturity where it becomes "industry-relevant." Recent examples include computer vision, speech, language, and various learning technologies (such as autonomous vehicles and robotics). This trend is reinforced by ample examples where a small number of individuals have been able to "move the needle" in major companies, impacting millions of users and thus having large and quite public impact. While this is by no means a completely new phenomena, the scale and frequency (Figure 3) is creating a number of stresses within the academic system as top talent moves to industry. 
Resources
The value of leveraging industry-centered resources has never been greater. 
Collaboration mechanismsOpportunities and Challenges
Industry and academia are already strongly intertwined. It is also important to differentiate the goal or objectives of the collaboration from the mechanisms that are used to achieve them. As noted above, there are three dominant goals or outcomes of an industry-academic collaboration: 
Industrial Gifts/Grants/Fellowships/Internships
When the relationship between academia and industry is through an industrial research lab, the most effective mechanism is usually some form of gift or unrestricted grant. A research lab has the long-term time horizon that can focus on supporting an academic or their students in an area of interest to the parent company. As long as technical results and good students are produced (or if a vital ecosystem is created that is of value to the corporation), the lack of formal deliverables and defined milestones can be supported. This requires maturity on the part of the industrial partner, since all the important results will be published. Hence they must plan to jump quickly on innovations, or have a model where improvement in a subfield will produce a "return on investment" to the parent company even if the company does not exploit the specific technology. Although there is no data (of which we are aware), the perception is that the number and size of such "unrestricted" gifts have declined as the number, time horizon, and size of industrial research labs have declined.
Direct Skill Transfer
Contracting implicitly presumes there is a "work product"
that the industry partner can clearly describe and that a university team can supply. However, in many cases the skills of the personnel involved in the collaboration are more valuable than the immediate research product themselves. Hence, it is natural that, in some cases, the collaboration mechanism reduces to transferring personnel from academia to industry. 5 In a sense this is the extreme opposite of the contracting mechanism:
rather than paying an external person with the necessary skills to do the work, the company acquires the skills to do the work internally. 
Shared Entities
Lying between the two extremes of contracting and skill transfer, shared entities are a compromise position that combines the internal resources from industry with the research resources from academia. In effect, it is a strategic merger in a "neutral territory" that provides strategic focus and agility but preserves many aspects of the academic environment. Put another way, it is a new form of industrial research lab, but one that is outside the legal boundaries of the company. Shared entities can be attractive to industry because they are co-investing and thus are using internal resources more effectively.
Additionally, it addresses the timescale issue by incentivizing industry to engage in longer relationshipsgenerally through master agreements-instead of individual project-based agreements.
Shared entities may take different forms: on-site labs sharing personnel from industry and academia; industry personnel embedded in university labs; and university personnel, both faculty and students, embedded in industry. Unlike the contracting mechanism, there is no standard template or recorded best practices. Like with the skill transfer, it would be extremely beneficial to collect information that will recommend best practices to facilitate this type of mechanism. In particular, two classes of challenges need to be addressed in this mode of collaboration: 
Community or Consortium Model
The community model involves sharing research among a community of industry subscribers (e.g. as a consortium). Each of these new communities will be an opportunity to create a synergistic community-based collaboration between industry and academia, but each will present its own unique challenges.
Best Practices for Research Collaborations between Academia and Industry
Given this evolving landscape of interactions, it would be presumptuous to expect that we could predict the best mechanisms to support, or create fixed models for industry-academia collaboration. However, there is a growing pool of expertise and experience that could be collected to help inform future efforts. 
Focus on Concrete and Grounded

Conclusions and Recommendations
Technology provides a path to the future, and computing is increasingly at the heart of many new technologies.
Human-centered computing, big data analytics, extensive machine learning, computing with a societal application, and increased interaction with the physical world are all a part of this new paradigm.
Taking advantage of future possibilities will require a balanced national portfolio that includes both long-term and basic research in computing -the kind that is fundamental to future innovation -as well as more application-driven and applied research. Putting in place mechanisms for linking research to innovation and commercialization and will only grow in importance for our national innovation cycle. Just as we cannot depend on industry to do the fundamental research, we cannot expect academia to grow to fill the applied research gap without additional support mechanisms to do so.
Industry-academic collaborations thus offer a mutually beneficial way to support long term, fundamental research, to translate research ideas to industry-specific needs, and to satisfy the need for highly trained students who can build new innovative tools and products.
In reflecting on the results of the survey and the round- 3) Consider ways that advanced infrastructure can be made widely available to the research community.
Currently, some universities are able to build their own advanced infrastructure; others depend on collaborative relationships with industry to gain access to commercial-class platforms and data. However, not all investigators have these opportunities and thus cannot participate in these areas of research. Finding ways to make advanced computing and devices, large data sets, and unique facilities more widely available will benefit industry (it will create "power-users" for their infrastructure), academic research (avoiding wasted time and resources replicating capabilities already in existence), and education (students will learn on the latest and greatest).
4) Convene a long-term forum or body around industryacademic interaction. A key value-point here is the fact that many non-traditional industries are growing computing-related research groups. Creating a mechanism that allows these groups to become visible to prospective problem solvers and employees could create a driver to ensure such a forum is wellattended and continues to maintain value and energy.
An alternative would be to convene workshops or conference tracks within specific areas of interest, thus providing a more distributed and area-focused means of conversation.
While we cannot predict where the future will go in detail, we know that technology will continue to play a large Reliability of computation, and, by extension, safety is also important. Advanced control strategies and architectures are needed to ensure "fail-soft" and fail-operational", required for semi-autonomous and autonomous driving.
To achieve the control accuracy and reliability required for advanced active safety and autonomous driving systems 6 https://en.wikipedia.org/wiki/Intelligent_transportation_system there is an increasing need for more reliable sensors, communications, actuators, and computational methods (that are able to handle unreliability) than is available today at affordable cost. Diagnostics and prognostics of CPS systems present a challenge due to their complexity, but at the same time they are considered key enablers for systems service and repair and customer peace of mind.
CPS systems are also challenging the current workforce since complexity generally increases faster than capability. Therefore, we need to continuously upgrade our workforce, the ones already working as well as those who will be entering the work force. These challenges require an intensive effort on the part of all stakeholders, OEMs, suppliers, in cooperation with academia and governmental research institutions.
Another challenge that must be addressed is the management of software and hardware complexity. The structure of operating systems remains a huge barrier, 
Computing in Large Scale Heterogeneous Systems:
Operating Systems
In the previous section, it was pointed out that current operating systems (OS) design is a limiting factor for the development of complex cyber physical systems like cars.
However, the structural problems in modern operating systems are not limited to the automotive industry. In a nutshell, a critical impending challenge to computing is the poor fit between the post-Moore's law hardware platforms and the structure of abstraction layers in modern system software like operating systems and hypervisors. Emerging platforms will almost certainly be heterogeneous and distributed, and will also incorporate parallelism and concurrency as crosscutting concerns.
This is clearly among the most critical upcoming challenges for computing at large, regardless of who does or does not collaborate to address it, but there are aspects of this problem that make it particularly wellsuited for collaboration between industry and academia.
First, we should examine the problems inherent to the current status quo. We are reaching the limits of Moore's Law and Dennard scaling. What are the implications of their demise? The performance and efficiency gains in future platforms will be achieved largely through specialization -algorithmic, architectural, or both -and distribution. The dominant impact of specialization will be in the form of architectural heterogeneity (e.g., GPUs, FPGAs, crypto processors, image co-processors, etc.).
Broadly speaking, specialization and distribution will move computations to the resources best suited to perform them whenever it is profitable under a given goodness metric to do so. Moving data to GPUs to accelerate parallel compute phases, or performing work initiated by a mobile device in the cloud are common illustrations of this pattern. The important observation is that in the future, the need to use specialized resources in common-case programs fundamentally means programmers must cope not just with heterogeneity, but with all the challenges of distributed computing, including the thorny ones like concurrency, fault-tolerance, and consistency that continue to fascinate the systems research community to this day. Supposedly "modern" system software like
OSes and hypervisors are designed with a goal of hiding these complexities and providing a uniform abstraction of computing fabric to programs; one which is by design independent of the physical hardware. To first order, this has been accomplished by de-coupling concerns such as heterogeneity, failure, concurrency, and distribution. Collaboration on these topics between academia and industry may enable research that mitigates the risks to both, while leveraging the strengths of each environment.
Appendix 2: CCC Industry and Academia Survey
In spring 2015, the CRA and the CCC released two short surveys, one for the academic community and the other for industry, to learn about academic-industry interactions. The purpose was to provide a picture of the types of interactions currently taking place, and to identify common barriers to those interactions. In addition, the CRA and CCC were looking for feedback on ways that they could strengthen the relationship between the two.
The first set of questions in both surveys were basic background questions asking for organization name, job title, and contact information (if respondent wanted to be contacted). Survey participants were asked to identify their role in their organization (e.g., staff researcher, department manager, department chair) and respond from that perspective. The CRA and CCC were seeking a broad representation of managers and researchers.
The questions in the second part of the survey differed depending on whether the survey was geared toward academia or industry. The academia survey had a total of 13 questions and the industry survey had a total of 17 questions. The entire survey was a qualitative effort to gain insight into academia/industry interaction.
Academic Survey
The academic survey was sent out to 213 academics, which included mostly computer science department chairs. There were 60 total responses, which is a response rate of about 28%. Recruiting mid-career faculty from industrial labs 11 25%
Hosted for a sabbatical 17 39%
Other types of exchange (please specify): 10 23%
Work on collaborative projects without funding 20 45% 
Academic Survey Results
The The last question asked academics to identify opportunities that they believed would be most effective to improve the connections between academia and industry. Respondents were asked to select at most three.
The majority of the respondents said that providing better methods for interaction/exchange of personnel between academia and industry would be the best way to improve the connection. Creating better vehicles for exposing and engaging academic research programs with industry would also be an effective way to improve the connection (Table 2) . Other ways to improve the connection is working through large government grants that require industry involvement but also require academics doing 'further out' research.
Answer
Response % a. People-oriented -e.g., providing better methods or best practices for interaction/exchange of personnel between academia and industry 33 79%
b. Process-oriented -e.g., creating better vehicles for exposing/engaging academic research programs with industry 27 64% c. Resource-related ---e.g., creating better mechanisms for shared data or infrastructure.
43%
d. Communication-related -e.g., creating a clearing house for CS PhDs who would be interested in summer internships at a company.
29%
e. More opportunities for people working in industry to attend, speak at, or publish at research conferences and journals? (e.g., industry tracks at conferences, conferences located near major cities or industrial hubs, survey papers or panels on major trends or technologies in industry, etc.) 10 24%
Industry Survey
The 
Industry Survey Results
The first industry specific question asked, what types of interactions do you have with academic researchers?
Respondents were asked to select all that apply.
The majority of the respondents said that they host graduate student interns as well as hire PhDs as permanent staff members. Other types of exchanges that were noted include, issuing awards and providing gifts to universities (Table 3) . The next question asked industry to identify opportunities that they believed would be most effective in improving the connections between academia and industry.
Respondents were asked to select as most three.
The majority of the respondents said that better training of students for work in an industrial setting (e.g. professional programming, working effectively in teams, Resource-related ---e.g., creating better mechanisms for shared data or infrastructure.
41%
Communication-related -e.g., creating a clearing house for CS PhD students who would be interested in summer internships at a company.
29%
More opportunities for people working in industry to attend, speak at, or publish at research conferences and journals? (e.g., industry tracks at conferences, conferences located near major cities or industrial hubs, etc.)
38%
Better training of students for work in an industrial setting (e.g., professional programming practices, working effectively in teams, awareness of new technologies, good communication skills, etc.)
44%
Other: 7 21% Academia has a high tolerance for risk. Together they could potentially take on very difficult problems and have tremendous success.
